When certain kinds of organic molecules become attached to proteins, either as biochemically specific complexes or as synthetic chemical conjugates, the quantum yield of the fluorescence of the tryptophane residues of the proteins is diminished. A condition for such an effect is the overlap of an absorption band of the ligand with the emission band of the protein. If the spectral condition and a few geometric requirements are satisfied the excitation energy of the tryptophane residues may be transferred with high efficiency to the ligand by electric dipole-dipole interactions over distances the order of magnitude of a protein molecular diameter. The excitation energy in the ligand may then either be dissipated as heat or reemitted at the characteristic frequency of the ligand. This and related phenomena were utilized previously in an analysis of the complexes formed between pyridine and flavin nucleotides and the specific proteins for which they serve as coenzymes. 1 2 The present report deals with the occurrence and analysis of excitation energy transfer in the complexes between purified antibodies and the small organic molecules used as determinants in their induction. Two antibodies were employed, directed respectively against derivatives of 2,4-dinitrophenpl and against derivatives of p-azophenylarsonate. Such molecules have strong absorption bands in the 300 to 400 myi region which overlap the 350 m1A emission bands of the antibodies.
When certain kinds of organic molecules become attached to proteins, either as biochemically specific complexes or as synthetic chemical conjugates, the quantum yield of the fluorescence of the tryptophane residues of the proteins is diminished. A condition for such an effect is the overlap of an absorption band of the ligand with the emission band of the protein. If the spectral condition and a few geometric requirements are satisfied the excitation energy of the tryptophane residues may be transferred with high efficiency to the ligand by electric dipole-dipole interactions over distances the order of magnitude of a protein molecular diameter. The excitation energy in the ligand may then either be dissipated as heat or reemitted at the characteristic frequency of the ligand. This and related phenomena were utilized previously in an analysis of the complexes formed between pyridine and flavin nucleotides and the specific proteins for which they serve as coenzymes. 1 2 The present report deals with the occurrence and analysis of excitation energy transfer in the complexes between purified antibodies and the small organic molecules used as determinants in their induction. Two antibodies were employed, directed respectively against derivatives of 2,4-dinitrophenpl and against derivatives of p-azophenylarsonate. Such molecules have strong absorption bands in the 300 to 400 myi region which overlap the 350 m1A emission bands of the antibodies.
Formation of soluble complexes between antibody and univalent hapten is quantitatively measurable with the quenching of the antibody fluorescence as the indicator. The unique sensitivity of fluorescence spectroscopy makes possible the direct and rapid measurement of the antibody-hapten reaction over a range of conditions not approachable by other methods.
Methods.-Induction and purification of antibodies: The antibodies were induced in rabbits by single injections, with Freund's adjuvant, of 5 mg of bovine y globulin substituted on the e-amino groups of the lysine side chains with 2,4-dinitrophenyl groups, or on the lysine, histidine, and tyrosine side chains with azobenzene-parsonate. The dinitrophenyl antigen carried 55 moles of hapten per mole of protein, by spectrophotometric analysis of the intact antigen and by silica gel chromatography of acid hydrolysates. Antibodies from the pooled high titre sera of 20 rabbits, were isolated by specific precipitation with antigen.
The immunizing antigen was also used to precipitate the anti-DNP antibody. Because of the large number of substituent groups only a small amount of antibody was produced against the protein itself. Antibody specific for the hapten determinant was separated from the precipitated complex by stirring at pH 7.4 . with 0.1 M 2,4-dinitrophenol in the presence of streptomycin. The univalent hapten competes with the antigen to form a soluble antibody complex and the acidic test antigen is kept in the solid phase by the formation of a streptomycin salt. Antibody and hapten were separated from each other by column chromatography on VOL. 46, 1960 BIOCHEMISTRY: VELICK ET AL.
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Dowex-1, ammonium sulfate precipitation, and dialysis. The antibody so purified was 90 to 95 per cent precipitable by the antigen. No non--y-globulin impurities could he detected by sedimentation or electrophoresis. Concentrations of test solutions were determined spectrophotometrically using a specific absorption coefficient of 1.46 cm2/mg based upon dry weight. Details of the purification are described elsewhere.3
The antibody to the p-azophenylarsonate determinant was precipitated from the pooled antisera with an azophenylarsonate derivative of bovine-'y-globulin. In this case, in order to render the precipitating antigen less soluble at acid pH, the free amino groups of precipitating antigen were blocked with 2,4-dinitrophenyl. The antibody complex, in contrast with that of the anti-DNP system, dissociated at pH 3.8 without the use of a competitive hapten and the precipitating antigen was again retained in the solid phase as the streptomycin salt. Antibody obtained by this method was 82 per cent precipitable with test antigen.
Preparation of haptens: 2,4-dinitrophenol and a-2,4-dinitrophenylacetic acid were recrystallized from water, mp 113 and 186-187 (uncorr) respectively. Previously described procedures were used to prepare e-N-DNP-lysine and E-N-DNPamino-caproic acid.4 O-mono-DNP tyrosine and a-e-bis-DNP-lysine were obtained from Mann Research Laboratories, New York City. p-(p-hydroxyphenylazo)-phenylarsonic acid was made by coupling an excess of diazotized p-arsanilic acid with phenol. After purification by repeated precipitation at pH 3 the millimolar absorption coefficient was 25.4 at 435.5 m1A in 0.1 N N'aOH. Mono and bis p-phenylarsonate azotyrosine were synthesized and kindly supplied by Dr. M. Tabachnick.5 Bovine--y-globulin (ByG) was substituted, almost maximally, with DNP groups by reaction with 2,4-dinitrobenzene sulfonate6 (Eastman Kodak; recrystallized 4 times from water). Azobenzene arsonate groups (R-azo) were introduced into proteins by coupling with about 200-fold molar excess of diazotized p-arsanilic acid, pH 9. The number of hapten groups introduced by this method is much less than with the DNP antigen. The R-azo-precipitating antigen used for isolation of antibody was prepared by treating maximally substituted DNP-bovine--y-globulin with diazotized arsanilic acid, as above. In general substituted proteins were purified at 40 by repeated precipitation and washing at pH 4, followed by prolonged dialysis and passage through 15 X 1 cm ion exchange columns of IRA-400, 3-5X, 20-50 mesh, chloride form.
Fluorescence measurements: A commercial instrument (Aminco), employing two grating monochromators at right angles to the sample, was employed. The light source was replaced by a stable dc operated high pressure xenon arc (Osram XBO 162) and a water jacket was built around the sample holder for temperature control. High spectral resolution is not essential but a stable light source and temperature control are important. Aliquots of the stock antibody solutions were transferred to the desired buffer, 1.0 to 2.0 ml final volume, in a 1 cm square quartz cuvette.
Fluorescence of the protein was excited usually at 290 mju where protein absorption is strong and absorption by the hapten is minimal. The protein emission at 350 myA was brought on scale by adjusting the gain of the detector and was read in arbitrary intensity units on a microammeter. Aliquots of the hapten solution were then added from a micropipette and the protein emission intensity was read after each addition and corrected for the small amounts of dilution. At low con- centrations free hapten has no effect on the protein emission, but complex formation results in strong quenching. At higher concentrations free hapten may diminish the protein emission, by attenuation of the excitation beam. The latter effect is readily detected and the attenuation when it occurs may either be corrected for, or avoided by, modification of the geometry of the test system. In a few cases the hapten was added continuously to the stirred test solution from a microsyringe driven by a synchronous motor and the fluorescence changes were measured automatically on a strip chart recorder. In the latter case the total volume of the titrant, added over a 6-min period, was less than 0.04 ml.
Results.-Absorption and emission spectra:
CmM . A -The absorption spectra of the dinitrophenyl Stoichiometry: Figure 2 shows the decline in the fluorescence of the antibody when it is titrated with the hapten, e-N-DNP-lysine. The antibody emission is quenched about 75 per cent and the endpoint is clearly discernible by extrapolation of the linear initial portion of the curve to the terminal base line. From numerous titrations of this type the equivalent combining weight of the purified antibody is 98,000 gm protein per mole of hapten. Since the antibody is only 90 to 95 per cent precipitable the equivalent weight of the active antibody may be as low as 88,000 gm. Molecular weights of rabbit -y-globulin have been reported in the range 160,-000 to 188,000 and a value close to 160,000 was obtained by the sedimentation diffusion method with the present material. to 20-fold higher dilution the dis-v 40-sociation of the complex is more g X 0 easily measurable ( Homogeneity of binding sites: The experimental points of the fluorometric titrations fall, within the limits of experimental error, on the theoretical curves for single intrinsic dissociation constants. The accuracy of the average K's has been discussed. Limits of heterogeneity are more difficult to establish. It is not possible, for example, to distinguish by the present methods between a single K of 5 X 10-9 M and an equimolar mixture of two K's of 10-8 and 10-9M. Within these limits, in titrations over the pH range, 1.5 to 8, the purified antibody appears to be homogeneous in the region of 15 to 85 per cent saturation. The method of purification makes it unlikely that an appreciable amount of more strongly binding species is concealed in the first 15 per cent to be titrated. It There is some evidence that antibody hapten dissociation constants, and perhaps homogeneity, are affected, in the anti-DNP system, by the method of immunization. This is being investigated. Electrical charge inhomogeneity: When proteins are subjected to free electrophoresis at low current densities at or near the isoelectric point the boundaries broaden more rapidly than in free diffusion and the excess spreading may be reversed by reversing the current. Alberty and co-workers7 observed this effect with several proteins that satisfy the ordinary criteria of purity but the effect was unusually pronounced with y-globulin. Since the boundaries retain the form of a normal distribution curve the results are accounted for in terms of a Gaussian distribution of mobilities within the molecular population. It was suggested that the differences in folding of the various specific antibodies in a general -y-globulin preparation might be associated with shifts in the pK's of acidic groups sufficiently large to give a spread of several charge units in the population of molecules at a given pH. Purified antibody, specific for a given determinant, might therefore be expected to exhibit a much smaller degree of reversible boundary spreading. Electrophoresis and diffusion experiments were accordingly performed on the purified anti-DNP-y-globulin, 90 to 95 per cent of which reacted uniformly with a single hapten. The results are shown in Figure 5 where period of time. Reversible spreading is described in terms of a heterogeneity constant, h, the standard deviation of the Gaussian mobility distribution. The values obtained by Alberty et al. varied from 0.5 to 0.8 in contrast to values of 0.2 for enzymes. In the present experiments h falls in the range 0.58 to 0.63 and is thus close to the value obtained with general Py-globulin. Contrary to Alberty's hypothesis the charge heterogeneity appears to be independent of the nature of the binding site. The possibility must be considered that there are actual differences in amino acid composition or sequence within the globulin population. Alternately the heterogeneity may still arise from a heterogeneity of pK's due to variations in secondary or tertiary structure and these may occur in regions of the antibody that are not relevant or are only partially involv inin the actual binding sites. Proteolysis of the antibody: The purified anti-DNP-Cy-globulin was treated with papain and then fractionated under the conditions recently described by Porter8
for the unresolved ay-globulin mixture. 'As described by Porter a crystalline degradation product was obtained in good yield and the more solublefr actions were on the antigen are available for combination with the antibody at, any one time.
The limiting factors are the local environments of the hapten groups on the antigen and the number of antibody fragments that can be packed on the antigen surface. Problems of structural and statistical interest in connection with the proteinprotein complex cannot be dealt with properly until the antigen, which is by no means molecularly homogeneous, is more fully characterized. If one expresses antigen concentration in terms of the limiting number of available hapten groups the titration curve of antibody with antigen is virtually superimpossible on the curve obtained by titration with free e-N-DNP-lysine. The interaction of antibody with antigen-bound hapten is thus comparable in strength with the interaction with free hapten.
The effects of p11 and urea: The apparent dissociation constants of the E-N-DNP-lysine complex as a function of pH at 310 are summarized in Table 2 . Combination of hapten with antibody is relatively insensitive to hydrogen ion con- with intact antigen. The abcissa is the micromolar concentration of the total antigen-bound hapten groups. The titration curve has been corrected for attenuation. centration over the broad pH range 3 to 9. On the extreme acid side, pH 1.5, the increase in K is associated both with a rapid and a slow change in the protein and is not completely reversible if the protein is maintained at the low pH. The increase in K in the alkaline pH region is much greater than in pH 1.5 and corresponds to a protolytic pK somewhere in the pH region 10 to 11. The changes in this pH region are reversible. The stability of the protein is illustrated by its behavior in concentrated urea solution. After a 12-hr incubation of the antibody in 7 M urea at 50 the stoichiometry of hapten binding is essentially unaltered and the dissociation constant of the 1479 e-N-DNP-lysine complex in 7 M urea, pH 7, is less than 10-6M i. The binding is also insensitive to changes in ionic strength from 0.01 to 1.0. Thermodynamic constants: The antibody-hapten reaction has been studied over the temperature range 4 to 600. Although the antibody is not stable indefinitely at the higher temperatures it takes only a few minutes to make equilibrium measurements by the fluorometric method and during such intervals the temperature dependent changes in the protein are completely reversible. The standard free energy change of complex formation, AF', is constant at -11.3 kcal mole-'. From the plot -In K versus l/T (Fig. 11 ) the standard enthalpy change for complex formation is found to be AHl = -8.6 keal mole-'. In accord with-the results of Karush" on an azobenzene hapten antibody system the enthalpy and not the entropy factors are dominant in the strong binding. The standard entropy change in the present case is 9 eu. iThe azobenzenearsonate antibodies: O00
Whereas the hapten groups in the DNP e antigens are predominantly on the E-HN2 i 80 U groups of the lysine side chains, the azo-z B benzene haptens are distributed in a more g 60 varied manner, occurring in the carrier a Domains of interaction: As in the case of the pyridine nucleotide enzyme complexes2 each molecule of ligand in the antibody-hapten system quenches an equivalent fraction of the protein fluorescence and the effects are additive. A molecule of bound hapten thus interacts only with the tryptophane residues within its own domain and the two domains do not overlap. There are 22 tryptophane residues in a molecule of rabbit -y-globulin of molecular weight 160,000. The fluorescence quantum yield of the protein is about 10 per cent, but since a third or more of the excitation energy is absorbed and dissipated thermally by the tyrosine residues, the fluorescent quantum yield of the constituent tryptophane is closer to 20 per cent, the value exhibited by free tryptophane. It is thus likely that all of the tryptophane residues contribute to the fluorescence. Maximal quenching by two molecules of bound hapten is of the order of 70 per cent and may be as high as 80 In terms of the coupled oscillator mechanism the effective interaction distance between tryptophane and DNP lysine should be of the order of 50 A and it is therefore not surprising that about one-third of the elongated -y-globulin molecule be out of range of the hapten binding sites. It is coincidental however that proteolysis occurs so near the lines of demarcation of domains unless the domains are limited not only by interaction distances but also by structural discontinuities or areas of relative disorder that are more susceptible than average to proteolytic attack.
Discussion.-The method of measuring soluble antigen-antibody and antibody-*hapten complexes by the quenching of the tryptophane emission of the antibody is restricted to those systems which fulfil the spectral conditions for energy transfer by the coupled oscillator mechanism. The widely studied azobenzene systems and the dinitrophenyl system fall within this category. Application to protein antigens is feasible only if the antigen or antibody carries a prosthetic group that can act as acceptor in the energy transfer process. This function was performed by the hapten in the DNP antigen and the solubility of the complex was maintained by using univalent antibody. A natural protein that might be used in the same way is hemoglobin. The heme group quenches nearly all of the fluorescence of the globin and might quench the fluorescence of an antibody in a soluble hemoglobin antibody complex.
The usefulness of the quenching of antibody fluorescence is severely limited in crude systems such as whole serum where the antibody contributes only a small fraction of the total protein emission. In order to take advantage of fluorescence spectroscopy in such cases one might study antibodies directed against fluorescent haptens. The experiments would then be analogous to the enzyme coenzyme systems and one could utilize shifts in the emission spectrum, changes in fluorescent quantum yield, or increases in fluorescence polarization of the hapten as indicators of complex formation. Effects of this type have been described and utilized' and are subject to considerable refinement. An obstacle to such an approach would be the occurrence of nonspecific binding to proteins such as serum albumin. Structural properties which confer high fluorescence efficiency often make a molecule susceptible to strong nonspecific adsorption. its site of origin, and hence limit both the rate of antibody production and the levels of circulating antibody. Although the dissociation constants of the anti-DNP antibody are orders of magnitude smaller than those commonly observed, DNP is a potent determinant, leading to high levels of strong antibody in the plasma. It is unlikely that the proposed simple equilibrium conditions govern the rate of antibody formation or the levels of accumulation in the blood.
Heterogeneity of antibodies is an immunochemical doctrine that is well established in certain cases and assumed to be general. The major question concerning heterogeneity is the extent to which it is the result of induction by a heterogeneous antigen and the extent to which it represents a fundamental randomness in the mechanism of antibody or -y-globulin synthesis. In general, antigens are not completely defined chemically and they may also undergo an unknown number of chemical transformations metabolically before they act. Heterogeneity by heterogeneous induction is chiefly a measure of the organisms ability to respond to small differences in the inducer. If the latter factor were predominant one might expect to find a case in which both the acting inducer and the resulting antibody were uniform and such a case has not yet been found. The relatively high uniformity in the behavior of the purified anti-DNP antibody appears in part to be the result of selection during the purification procedure. The evidence for this, as yet incomplete, is provided by the data of Farah et al.3 in which hapten concentrations necessary to inhibit precipitation or to dissolve antigen antibody precipitates are compared for total antisera and for purified antibody. It is nevertheless significant that purified antibody of the homogeneity level obtained comes in 30 to 40 per cent yield from the pooled antisera of about 20 rabbits. The microheterogeneities responsible for the reversible electrophoretic boundary spreading are possibly more fundamental and it will be necessary in this connection to consider variations in primary as well as in secondary or tertiary structure. Variations in primary structure have been postulated by Lederberg"3 in his elaboration of the elective theory of antibody induction.
Summary.-(1) The tryptophane fluorescence of proteins is quenched in complexes or conjugates of the proteins with molecules that have absorption bands in the 300 to 400 mA region. This phenomenon, applied previously to the study of enzyme coenzyme complexes is also applicable to antibody complexes with appropriate antigens or haptens. 
